Titanium nitride (TiN x : x ¼ 0:96{1:12) films were prepared by laser chemical vapor deposition (LCVD) using tetrakis-diethylamidetitanium (TDEAT) and ammonia (NH 3 ) as source materials. The effects of deposition conditions, mainly total gas pressure (P tot ), laser power (P L ) and pre-heating temperature (T pre ), on the composition, microstructure and preferred orientation of TiN x films were investigated. The N/Ti ratios (x) in TiN x films decreased with increasing P tot and increased with T pre at P tot < 400 Pa. The preferred orientation significantly depended on the T pre and P L . (111) orientation was obtained at T pre < 673 K and P tot < 600 Pa, whereas (200) orientation appeared at T pre > 673 K and P tot < 600 Pa. The increase in P L caused the change from (200) to (111) orientation. With increasing T pre , the TiN x films changed from a faceted texture with (111) orientation to a square texture with (200) orientation.
Introduction
Titanium nitride (TiN x ) films have been widely used as wear-resistant coatings on various high-speed cutting tools and diffusion barriers in silicon integrated circuits due to their high hardness, high melting temperature and good erosion/ corrosion resistance. 1, 2) In these applications, the control of the composition, microstructure and the preferred orientation is vital to determine the performance and lifetime of the coatings. 3) It is well known that the properties of TiN x films change with grain size, orientation and surface morphology, and that TiN x films with a (111) orientation have higher hardness than the films with a (200) orientation. Since the orientation and surface morphology of TiN x films strongly depend on deposition conditions, 4) the microstructure and orientation of TiN x films should be properly controlled to accommodate various applications. TiN x films are usually prepared by physical vapor deposition (PVD) and chemical vapor deposition (CVD). PVD is advantageous for the preparation of TiN x thin films at low temperatures with a fine texture, whereas CVD is suitable for the preparation of TiN x thick films with good conformal coverage due to its non-line-of-sight nature and wide-ranged controllability of orientation and surface morphology. 5 ) CVD has been practically utilized for coating TiN x films on high-speed cutting tools and microelectronic devices, particularly for work pieces with complicated geometries. Since TiCl 4 and NH 3 have been commonly used as sources of titanium and nitrogen, the substrate and CVD chamber are exposed to an explosive H 2 and corrosive HCl atmosphere in conventional thermal halide CVD. Moreover, by-products of HCl and Cl 2 gases would cause the contamination in TiN x films, degrading mechanical properties and corrosion resistance. 6, 7) On the other hand, by using organometallic (MO) precursors, such as tetrakis-dimethylamido-titanium (TDMAT) and tetrakis-diethylamido-titanium (TDEAT), these problems can be avoided. Furthermore, TDEAT would result in high-purity TiN x films with high conductivity and almost no contamination of oxygen impurity. 6) Although much effort has been made to prepare TiN x films by TDEAT in MOCVD, the low deposition rate with much free-carbon co-deposition has been the main drawback of conventional MOCVD.
Laser chemical vapor deposition (LCVD) is a possible candidate technique for depositing coatings at a high deposition rate with a wide variety of microstructures. 8, 9) In this technique, a laser is employed to accelerate the chemical reactions of precursors and the grain growth along the laser beam (usually one-dimensional growth). Many attempts have been made to prepare TiN x films with LCVD using TiCl 4 or metal-organic precursors. [10] [11] [12] However, in conventional LCVD, TiN x films with a small size and no significant orientation have been prepared using CO 2 laser scanning at perpendicular incidence to the substrate. Donut-like TiN x deposits have been grown due to the nonuniform intensity of CO 2 laser. 13 ) CO 2 and Nd:YAG lasers have been used mainly as a heat source for pyrolytic reactions (called pyrolytic LCVD), while excimer lasers have been employed as a source of photolytic reactions (photolytic LCVD) for depositing various materials, including TiN x films. However, semiconductor lasers with a wavelength between those of CO 2 and excimer lasers have been scarcely utilized in LCVD. We have reported the deposition of thick TiN x film with high deposition rates and a large deposition region by LCVD using TDEAT with a semiconductor (InGaAlAs) laser. 13) In the present study, the effects of LCVD parameters of laser power (P L ), pre-heating temperature (T pre ) and total gas pressure in the chamber (P tot ) on the composition, microstructure and preferred orientation of TiN x films were investigated.
Experimental
TiN x films were prepared on Al 2 O 3 (Nikkato, 99.99%, -phase) substrates by LCVD with a semiconductor (InGaAlAs) laser (wavelength: 808 nm, a continuous wave mode) in a cold-wall chamber. TDEAT (C 16 H 40 N 4 Ti, Aldrich, 99.999%) and NH 3 (Japan Air Gas, 99.9995%) were used as the source materials. The vaporization temperature of TDEAT (T vap ) was controlled from 373 to 383 K and the vapor was carried by Ar (99.99%) gas into the chamber. The flow rates of Ar and NH 3 gases were both fixed at 1:65 Â 10 À6 m 3 s À1 by mass flow controllers. The pre-heating temperature (T pre ) ranged from 293 to 873 K. The laser power (P L ) was changed from 0 to 200 W. The total pressure in the chamber (P tot ) was changed from 200 to 800 Pa.
Scanning electron microscopy (SEM, Hitachi, S-3100H) was used to observe the thickness and surface morphology. The deposition rate (R dep ) was calculated from the film thickness and the deposition time. Film composition was calculated by measuring the lattice parameters of TiN x films.
The Lotgering factor 14) was employed to quantify the degree of the orientation. -2 scan X-ray diffraction (XRD) analysis (Rigaku, RAD-2C) was carried out to determine the Lotgering factor (F). The F is defined as a fraction of XRD peak area of a specific crystallographic plane using eq. (1),
where P (hkl) is the ratio of the XRD intensity of (hkl) reflection to the sum of the reflections in a scanned range, and P 0 (hkl) is an equivalent value for a randomly oriented TiN (JCPDS, file No. 65-0715). The F varies from 0 for non-orientation to 1 for complete orientation. Figure 1 shows typical XRD patterns of the LCVD-TiN x films prepared at different P L , P tot and T pre . Non-oriented and two kinds of orientations, i.e., (111) and (200) orientations, were obtained at different LCVD conditions. Figure 2 shows the effects of P tot and T pre on the lattice parameters of TiN x films prepared at P L ¼ 200 W, P tot ¼ 200 to 800 Pa, T pre ¼ 293 to 873 K and the T vap of 373 K. The lattice parameters of TiN x films ranged from 0.4237 to 0.4245 nm, which was close to that of the stoichiometric composition (a ¼ 0:424 nm 15) ). The N/Ti ratio in TiN x films prepared by thermal CVD has been commonly less than 1.0. On the other hand, N-excess TiN x films were obtained in the present LCVD particularly at lower P tot and higher T pre as demonstrated in Fig. 3 . The laser in the present LCVD passed through a gas phase and emitted to a substrate. Precursor source gases could be excited in the gas phase forming plasma 16) and the mobility of absorbed species on the substrate could be enhanced by the laser emission. These combined effects might have caused the formation of Nexcess TiN x film in the present LCVD. With increasing P tot , however, the collision of excited chemical species should become more significant resulting in premature chemical reactions and losing excess energy in the gas phase. This might have caused the slightly obscure trend of N/Ti ratio at higher P tot shown in Fig. 3 . The deposition mechanism in the LCVD is not well understood, and further study should be needed. TiN x has a wide range of non-stoichiometric compositions from x ¼ 0:6 to 1.2. 17) The relationship between the composition of TiN x and the lattice parameter (a) has been studied in detail 18) as given by eq. (2).
Results and Discussion

Composition
The calculated compositions (x) from eq. (2) at different P tot and T pre are shown in Fig. 3 . The x value ranged from 0.96 to 1.12. This value increased with decreasing P tot and increasing T pre . With increasing P tot , collisions of molecules in the gas phase would have increased. The trend suggests that the premature chemical reactions of N-source gas in the gas phase would proceed more easily than those of Ti-source gas.
Teyssandier et al. 19) prepared CVD-TiN x films using a TiCl 4 -N 2 -H 2 system at T dep ¼ 1200 to 1400 K and calculated their composition (x) by measuring lattice parameters. They reported that stoichiometric TiN x films were prepared at an atmospheric pressure (P tot ¼ 0:1 MPa) and non-stoichiometric films (x < 1) were prepared at a reduced pressure (P tot ¼ 0:7 kPa). Egland et al. 20) prepared non-stoichiometric TiN x films by LCVD using CO 2 laser and source gases of TiCl 4 , N 2 and H 2 . The N/Ti ratios increased from 0.2 to 0.8 with increasing N 2 , and decreased from 0.92 to 0.78 with increasing H 2 . On the other hand, TiN x films with N/Ti ratio from 1.00 to 1.16 were prepared by Silvestre et al.
21)
The N/Ti ratio was widely changed by using a TiCl 4 -NH 3 (or N 2 )-H 2 system because N-and Ti-source gases were controlled independently. However, the MO precursors, such as TDEAT in the present study, have a fixed N/Ti ratio (i.e., N/Ti ¼ 4 in TDEAT: C 16 H 40 N 4 Ti) with an excess of N. Therefore, it is likely that N-rich near stoichiometric TiN x films can be prepared by using the TDEAT-NH 3 system. The effect of high power laser emission 13) and the high reactivity of ammonia might have resulted in a slightly wide range of N/Ti ratio in the present study.
Microstructure
The morphology and many properties of CVD films, in general, would change particularly with deposition temperature (T dep ), and therefore the T dep could be one of the influential parameters in CVD. The T dep in the present study could be controlled by the combination of T pre , P tot and P L . Figure 4 shows the effect of T pre and P tot on the T dep at P L ¼ 200 W. The T dep increased with increasing T pre in the range from 973 to 1173 K and increased with decreasing P tot . Figure 5 presents the effect of P tot on the surface and cross-sectional morphology of TiN x films prepared at P L ¼ 200 W, T pre ¼ 293 K and T dep ¼ 1058 to 1093 K. At P tot ¼ 200 Pa, the TiN x films had a faceted surface texture ( Fig. 5(a) ), while a cauliflower-like surface texture formed at P tot ¼ 400 Pa (Fig. 5(c) ). The grain size decreased from 500 to 200 nm with increasing P tot . Figure 5 (b) and (d) are the cross-sections of Fig. 5(a) and (c), respectively. The TiN x films exhibited a columnar cross-sectional texture and good adhesion to the substrate. Since the T dep of Fig. 5(a) is almost the same as that of Fig. 5(c) , the difference of morphology would be caused by the effect of P tot . In general, the higher P tot , the smaller grain size in CVD. Figure 5 presents the typical trend of P tot on the morphology of CVD films. Figure 6 demonstrates the effect of T pre on the surface morphology of TiN x films prepared at P L ¼ 200 W, P tot ¼ 200 Pa and T dep ¼ 1093 to 1173 K. Since the difference of T dep among Fig. 6(a) to (d) is insignificant, the morphology of the surface texture would have mainly depended on T pre . A triangle texture formed at T pre < 673 K, whereas a square texture was identified at T pre > 673 K. The grain size increased with increasing T pre . Under similar T dep conditions, the higher T pre means the lower P L . The morphology change would reflect the effect of the laser on the morphology. The higher P L might have caused more significant surface diffusion of adsorbed molecules, resulting in the welldeveloped crystal facets. Figure 7 shows the typical cross-sectional morphology of (111) oriented and (200) oriented TiN x films prepared at P L ¼ 200 W, T pre ¼ 573 to 873 K and T dep ¼ 1072 to 1106 K. The (200) oriented TiN x films exhibited a square columnar structure with sheet-like striations (Fig. 7(d) ), while a columnar structure with feather-like striations formed in (111) oriented TiN x films, particularly in the upper part of the column (Fig. 7(b) ). The columnar structure was more uniformly developed with a well-developed faceted and square surface morphology. The surface and cross-sectional morphology of TiN x films were closely related to their preferred orientation. Figure 8 demonstrates the effect of P L and T dep on the orientation of TiN x films prepared at P tot ¼ 200 Pa and T pre ¼ 293 to 873 K. TiN x films showed a certain orientation at P L > 25 W and T dep > 600 K. Under the same P L , the orientation changed from (111) to (200) with increasing T dep and T pre . Under the same T dep , on the other hand, the orientation changed from (200) to (111) with increasing P L , and therefore it can be understood that the P L and T pre significantly affected the orientation of TiN x films. 
Preferred orientation
cross-section. Figure 9 shows the relationship between R dep and the orientation of TiN x films at various T pre and P L . With increasing P L , R dep increased from several mmÁh À1 to several 10 mmÁh À1 and then decreased. At the same P L , R dep decreased with increasing T pre , and the orientation changed from (111) to (200). The films prepared at R dep > 50 mmÁh À1 showed (111) orientation, whereas that prepared at R dep < 50 mmÁh À1 had almost (200) orientation. On the other hand, the films prepared at R dep < 5 mmÁh À1 were non-oriented. (200) 
is a higher magnification of (a) and (c), respectively. Figure 11 shows the effect of P tot on the Lotgering factor (F) of TiN x films at P L ¼ 200 W and various T pre . F (111) and F (200) decreased significantly with increasing P tot from 200 to 800 Pa. However, at T pre ¼ 473 K, the orientation changed from (111) to (200) with increasing P tot . Similar orientation change with P tot was also observed in the results of LCVD Y 2 O 3 films. 8) The orientation of TiN x films has been known to depend on the deposition parameters. 23) At present, (100), (111) and (110) are the three main orientations of TiN x films, 24, 25) while the (211) orientation has also been obtained by several researchers using TiCl 4 precursor. 1, 23, 26) The orientation is the result of the competitive growth of differently oriented grains, and therefore the growth rate of grains, particularly those perpendicular to the surface, i.e., the deposition rate, would be closely related to the orientation. 1) In the present study, non-oriented TiN x films were prepared at R dep < 5 mmÁh À1 , whereas the orientation changed to (200) and then (111) orientation with increasing R dep (Fig. 9) . Pelleg et al. 18) reported that the (200) plane has the lowest surface energy and the (111) plane has the lowest strain energy by a thermodynamic calculation. They suggested that the orientation of TiN x film may be determined by the competition of surface energy and strain energy, i.e., (200) orientation appears when the surface energy is dominant, while (111) orientation appears when the strain energy is dominant. According to their prediction, the orientation of TiN x film should change from (200) to (111) orientation with increasing film thickness. The change of the orientation with R dep in the present study may be understood by this model. Similar results have been reported for conventional CVD using the TiCl 4 -NH 3 system, 27) where the orientation of TiN x films changed from (100) to (110) or (111) orientation with increasing R dep ; however, the TiN x films at the initial stage had the (100) orientation regardless of deposition conditions.
Under the same T dep and almost the same R dep , (200) orientation changed to (111) orientation with increasing P L as shown in Fig. 8 and 9 . This suggests that the laser radiation itself can affect the orientation of TiN x films. Ikeda et al. 4) also reported the similar effect of plasma ion bombardment on the change of orientation from (200) to (111) or (220) orientation for plasma treated TiN x films in a N 2 /H 2 atmosphere. It is reported that the plasma ion bombardment could have modified the strain energy locally. The change from (200) to (111) orientation with increasing P L in the present study cannot be well explained. Further study is needed to understand the effect of the mechanism of the laser on the preferred orientation of TiN x films.
Conclusion
(111)-and (200)-oriented TiN x (x ¼ 0:96{1:12) films were prepared on Al 2 O 3 substrates by LCVD using TDEAT and NH 3 as source materials at P L ¼ 50{200 W, P tot ¼ 200{800 Pa, T pre ¼ 293{873 K and T dep ¼ 1078{1173 K. The lattice parameters of TiN x films ranged from 0.4237 to 0.4245 nm. The N/Ti ratios (x) in TiN x films was close to the stoichiometric composition, but slightly decreased with increasing P tot and increased with T pre at a lower P tot . (111) orientation was obtained at low T pre and P tot , whereas (200) orientation appeared at high T pre and lower P tot . Under the same deposition temperature (T dep ), the orientation of TiN x films changed from (200) to (111) with increasing P L . The morphology of TiN x films changed from a faceted texture to a square texture with increasing T pre .
